Microwaves may exert adverse biological effects on the cardiovascular system at the integrated system and cellular levels. However, the mechanism underlying such effects remains poorly understood. Here we report a previously uncharacterized mechanism through which microwaves damage myocardial cells. Rats were treated with 2450 MHz microwave radiation at 50, 100, 150 or 200 mW/cm 2 for 6 min.
Introduction
Microwaves are electromagnetic waves with wavelengths ranging from 1 mm to 1 m and frequencies between 300 MHz and 300 GHz (Gupta 2014; Shahin et al. 2013 ).
Microwave technology is widely used in medical research as well as other fields.
However, despite their many uses in clinical and household settings, microwaves are known to contribute to environmental pollution to some extent. In particular, the biological effects of electromagnetic waves and their impact on human health are of major concern (Jing et al. 2012; Zuo et al. 2014) . Numerous epidemiological surveys
and biological experiments have shown that microwave irradiation at intensities high enough to produce heat or non-thermal effects are harmful to an organism.
Microwaves may adversely affect cardiovascular function at the integrated system and cellular levels (Dasdag et al. 2009 ). It has been reported that the heart is particularly sensitive to microwave radiation, with both its function and structure showing susceptibility to injury (Siddiqi et al. 2013) . Since the heart is the most important organ of the circulatory system, any abnormality in the structure or function of the heart is bound to compromise blood supply to all organs. Due to its sensitivity to microwave radiation, the pathological mechanism of heart injury has become a global concern. Furthermore, a certain amount of microwave radiation can induce energy metabolism disorders in myocardial cells, thereby resulting in apoptosis as well as abnormal heart structure and function. Jauchem et al irradiated rats with 38 mW/cm2 of 2450 MHz microwaves and found significant heart rate increases in the animals (Jauchem and Frei 1997). They proposed that the temperature gradient in the body of the animal increased during high-frequency microwave irradiation, and that the heart rate significantly increased because of absorption of microwave energy by the tissues.
Cardon et al found that long-term irradiation with microwaves at power density of 100 µW/cm2 caused the human cardiovascular system to exhibit functional changes, such as low blood pressure, sinus bradycardia, atrial and ventricular conduction delays, and electrocardiogram waveform changes (Jauchem 1995 microwave treatment, blood was collected from abdominal aorta and centrifuged 3,000 x g 4 °C for 10 min. Heart were excised and cleaned and then immediately used for the next study. All experiments were performed in triplicate.
Myocardial zymogram
Blood was sampled from the abdominal aorta and serum was obtained by centrifugation at 3,000 x g 4 °C for 10 min. The activity levels of serum creatine kinase (CK), lactate dehydrogenase (LDH) and aspartate aminotransferase (AST)
were determined using diagnostic kits (Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer's instructions to assess the injury of myocardial.
Estimation of cardiac troponin I
The levels of cardiac troponin I (cTnI) in serum were estimated using standard kit by enzyme linked immunosorbent assay (Jiancheng Bioengineering Institute, Nanjing,
Myocardial mitochondria were isolated using a high-speed centrifugation by sucrose gradient method modified from the protocol described by Song (Song et al. 2014 ).
Mitochondria were isolated at 4°C and mitochondrial protein concentration was routinely quantified with a Bradford assay using bovine serum albumin as a standard.
Mitochondrial Respiratory Chain Complexes I, II, III, and IV were determined using diagnostic kits (Genmed Scientifics Inc, U.S.A).
Determination of myocardial ATP activity levels
Myocardial tissue was homogenized with 25 mM Tris-HCl, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, and 0.1% SDS. The homogenized tissue was centrifuged at 10,000 × g for 30 min at 4ºC and the supernatant was used for ATP assessment.
Myocardial ATP levels were assessed with ATP diagnostic kits (Genmed Scientifics, Inc., Wilmington, Delaware). ATP level was measured relative to ATP standards provided by the manufacturer.
Detection apoptosis of myocardial cell
Fresh heart tissues were placed onto a 120 mesh stainless steel net above a petri dish.
The tissues were cut using ophthalmic scissors and gently rubbed with the scissors whilst rinsing with normal saline. The suspensions in the petri dish were filtered with a 300 mesh copper mesh filter to remove cell clumps. The cell suspension was collected and precipitated by centrifugation at 800 × g for 5 min. 
Western Blot Analysis
After treatment, heart tissues were homogenized in lysis buffer containing 50 mM Tris (pH 8.0), 10 mM EDTA, 10 mM Na 4 P 2 O 7 , 10 mM NaF, 1% Triton X-100, 125 mM NaCl, 10 mM Na 3 VO 4 , and 1 µg/ml each of aprotinin and leupeptin. After horseradish peroxide for1 h at room temperature. The membranes were then washed for 30 min and exposed to enhanced chemiluminescence reagents for 1 min and developed on film. The BioRad Laboratories Quantity One software (BioRad, USA) was used to quantify the blots.
Statistics
All results are presented as mean±SD. Statistical analysis of the data were performed with one-way analysis of variance (ANOVA) followed by Tukey's test. In all cases differences were considered at P<0.05.
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Results
Effect of microwave radiation on the serum levels of creatinine kinase (CK), lactate dehydrogenase (LDH), and aspartate transaminase (AST)
The serum levels of CK, LDH, and AST were examined 6 h after irradiation. As shown in Figure MDA is regarded as a major marker of lipid peroxidation in tissues, whereas SOD and GSH are two important enzymes in the antioxidant defense system. After exposure to microwave radiation, MDA content, SOD and GSH activity in myocardial cells were measured (Fig. 3) . In the 100 mW/cm 2 , 150 mW/cm 2 and 200 mW/cm 2 microwave groups, SOD activity was 80.28 ± 8.21 µ/mg prot, 79.15 ± 6.89 µ/mg prot, and 68.34 ± 7.56 µ/mg prot (P < 0.01), respectively, indicating substantial decrease compared with the control group (102.45 ± 10.24 µ/mg prot). GSH activity was 5.85 ± 0.33µ/mg prot, 4.02 ± 0.29 µ/mg prot, and 3.87 ± 0.24 µ/mg prot (P < 0.01) compared with that in the control group (102.45 ± 6.96 µ/mg prot). Moreover, MDA activity was 10.15 ± 1.25 nmol/g prot, 12.26 ± 0.99 nmol/g prot, and 14.59 ± 1.45 nmol/g prot (P < 0.01), all of which were higher than that of the control group (7.56 ± 0.62 nmol/g prot).
These data indicated that microwave radiation could change the activity of antioxidative stress enzymes.
Effects of microwave radiation on mitochondrial complex activity
To evaluate the effect of microwave radiation on mitochondrial function, we measured enzyme activities of complexes I−IV. After exposure to microwaves at doses of 50 mW/cm 2 , 100 mW/cm 2 , 150 mW/cm 2 or 200 mW/cm 2 for 6 min, the mitochondria were isolated to determine the activity of complexes I−IV. As shown in Figure 4 , enzyme activity in all four complexes decreased inversely according to the increased doses of microwave radiation. In the 100 mW/cm 2 , 150 mW/cm 2 , and 200 mW/cm 2 microwave group, the activity of complexes I−IV decreased dramatically (P < 0.01). We could therefore speculate that increased doses of microwave radiation negatively regulate mitochondrial function.
Effect of microwave radiation on the levels of myocardial ATP
The heart is highly dependent on continuous ATP delivery from mitochondria in order to maintain cardiac function. In the current study, myocardial ATP levels were D r a f t 12 assessed after exposure to microwave radiation. The results showed that ATP content in the myocardial tissue decreased after microwave irradiation (Fig. 5) 
Effects of microwave radiation on myocardial cells apoptosis
To determine the effect of microwave radiation on myocardial cell apoptosis, we Mitochondria were arranged regularly in circular, oval, or long rod forms.
Furthermore, mitochondrial membranes were complete, and crests were clearly visible. In contrast, the mitochondria and myofilaments of myocardial cells of rats in the microwave irradiated groups were arranged loosely. Mitochondrion numbers also decreased in an abnormal pattern. Some mitochondria were dissolved and appeared cavitated with bloated cytoplasm. Integrity of the inner and outer membranes was significantly broken. Myocardial cell damage clearly became more severe with increasing microwave radiation intensity (Fig. 7 II) .
Effects of microwave radiation on protein expression
Members of the Bcl-2 family of proteins, such as Bcl-2 and Bax are critical regulators of the apoptotic pathway. Bcl-2 protects against multiple signals that leads to cell apoptosis, whereas Bax induces apoptosis. The ratio of Bax/Bcl-2 is crucial for activation of the mitochondrial apoptotic pathway. Our data demonstrated that, after microwave irradiation, expression of Bcl-2 decreased, whereas that of Bax increased.
Thus, the ratio of Bax/Bcl-2 increased upon further exposure to microwave radiation.
Next，we investigated the protein levels of CytoC, cleaved caspase-9, and cleaved caspase-3. Results of Western blot showed that expression of cleaved caspase-3, cleaved caspase-9, and Cyto C increased after microwave treatment (Fig. 8) . These results indicated that microwave exposure could lead to myocardial cell apoptosis through a mitochondria-independent pathway.
The mitogen-activated protein kinase (MAPK) cascades (e.g., ERK and JNK) have been identified as upstream signaling mechanisms responsible for regulating oxidative D r a f t 14 stress and cell apoptosis. To evaluate whether microwave radiation affected the signaling pathways associated with activation of MAPK signaling cascades, we examined changes in the activation of the signaling proteins p-ERK, ERK, p-JNK, and JNK. As shown in Figure 9 , treatment with sequentially higher microwave doses dramatically increased the levels of p-ERK and p-JNK.
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Discussion
The heart consumes large amounts of energy and oxygen in an animal. ATP is the only form of energy that can be directly used by myocardial tissues, and these tissues must , the enzyme activities of complexes I−IV decreased as the dose of microwave radiation increased. HE staining and electron microscopy showed that the mitochondria and myofilaments of rats in the microwave radiation groups were arranged loosely with fuzzy horizontal stripes and unclear bright and dark bands. Some myofilaments were also dissolved and broken.
Mitochondria in cells in these groups appeared highly abnormal. The majority of mitochondria were dissolved, cavitated, and/or showed significantly bloated cytoplasm. This indicated that cardiac energy metabolism of rats became abnormal and myocardial cells were damaged by microwave irradiation. Thus, our results indicated that microwave radiation had negative impact on mitochondrial function in a dose-dependent manner.
Mitochondria actively regulate cell death, with the final phenotype of demise being D r a f t determined by the metabolic and energy status of the cell (Hänsch and Zimmermann 1993) . A mitochondrion is not only an energy-producing organelle but also an important apoptosis regulator. Bcl-2 and Bax levels are inversely related to fluctuation of apoptosis; these proteins adjust release of Cyto C, the critical trigger of apoptotic signaling cascade (Martinou and Youle 2011) . Activated Bax induces the intrinsic apoptotic signaling pathway by using the mitochondrial intermembrane space to generate apoptosis by releasing Cyto C into the cytosol. However, Bcl-2 blocks the release of Cyto C from the mitochondria. In the cytosol, Cyto C activates caspase-9, which then activates effector caspases, including caspase-3 (D' Amelio et al. 2011; Hu et al.2014; Qin et al.2013) . In the present study, microwave treatment downregulated the expression of Bcl-2 and increased the expression of Bax in myocardial cells of rats.
The Bax/Bcl-2 ratio increased as microwave irradiation became stronger. This suggested that microwave treatment facilitated myocardial cell apoptosis. We further determined that the protein levels of Cyto C, cleaved caspase-9, and cleaved caspase-3 had all increased significantly after microwave treatment.
Oxidative stress is the result of imbalance in pro-oxidant/antioxidant homeostasis. It is also well known that JNK is an important regulator of cell apoptosis and survival in response to oxidative stress. JNKs are involved in cell apoptosis by participating in the cellular response to stress, while cell survival is usually regulated by ERK with a short period of activation (Justin and Jain 2011). Microwave radiation could lead to imbalance between the oxidation and anti-oxidation systems in myocardial cells and induce apoptosis. To further understand changes in the apoptotic pathways, the levels of ERK and JNK were determined. The ERK and JNK signaling pathways are involved in a wide variety of cellular functions, including growth, differentiation, inflammation, and apoptosis, and are a ROS downstream gateway to apoptosis.
( Bavaria et al. 2014; Dhanasekaran 2013; Song et al. 2013) . In the present study, we observed that microwave irradiation significantly altered oxidative stress balance and increased the levels of phosphorylated ERK and JNK, which had pro-apoptotic effects on myocardial cells. 
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